INTRODUCTION
The cross correlation of ambient seismic noise recordings can be used to extract the empirical Green's functions (hereafter EGFs) between pair of receivers (Shapiro and Compillo, 2004) . In the past few years, extensive research has been performed on this topic around the world in various fields including traveltime tomography Shapiro et al., 2005; Yao et al., 2006; Yang et al., 2007; Ward et al. 2013; Young et al., 2013) , anisotropy (Guo et al., 2012; Shirzad and Shomali, 2014) , fault detection and retrieving body wave (Poli et al., 2012; Lin and Tsia, 2013; Boué et al., 2014) . Depending on various parameters including the quality of data and its frequency content, different processing approaches have been developed to obtain noise correlation. In the most approaches developed, the stacking was further assumed to be nonindependent on a particular phase. The main scope of these approaches is to remove the deterministic signals (e.g., earthquakes) and also extract the coherent part of ambient seismic noise (Stehly et al., 2006; Pedersen et al., 2007; Bensen et al., 2008) . In general, the extracted EGFs are dominated by the surface-wave signal, even if two stations have a large interstation distance. Additionally, uneven noise source distribution may affect the extracted interstation EGFs of surface waves and consequently dispersion measurements (see Stehly et al., 2006; Tsai, 2009; Yao and van der Hilst, 2009; Yao et al., 2009) . Body waves may also be emerged by storm and/or swell interference (Landés et al., 2010; Obrebski et al., 2013) . Obrebski et al. (2013) indicated that body and surface waves in random wavefields have different patterns resulted from distinctive amplification of ocean wave-induced pressure perturbation and different seismic attenuation. Because of heterogeneities in the Earth's crust, a fraction of the microseismic energy locally generates waves and randomizes the wavefield. All scattered waves will contribute into the extracted body-and surface-wave EGFs. Recent studies (e.g., Poli et al., 2012; Boué et al., 2013; Nishida, 2013) show that body waves can be extracted using large interstation distances from continuous recorded ambient seismic noise. Furthermore some studies (e.g., Zhan et al., 2010; Poli et al., 2012) extracted clear crustal body waves at regional distances. However, body waves are rarely obtained in ambient seismic noise processing studies at interstation distance less than 30 km for example, Roux et al. (2005) . In this study to enhance the quality of the EGFs, a time window around the expected arrival time of the body waves was used using a root mean square stacking (hereafter rms stacking) method. As shown in this study, the rms-stacking method is used for each phase separately thus the stacking depends on a particular phase.
The Tehran region, in northern Iran, is located near the southern tip of the central Alborz Mountain belt and also situated in the northern margin of the central Iran plateau (see top panel of Fig. 1 ). It is also situated at nearly 200 km and at 1500 km distances from the coast to the north and to the south, respectively. In this study, we continued our previous work involving the collection of EGFs for the Tehran region. We extracted P and S waves using the rms-stacking method. Moreover, expected arrival times in the signal window applied in the rms-stacking method were calculated using ray-tracing method through a 1D shear-wave velocity model developed by the ambient noise tomography (hereafter ANT) method for the Tehran region . The main aim of this study is to present that body waves (i.e., P and S waves) can also be emerged using noise correlation with the rms-stacking method from closely spaced receivers (with interstation distances less than 35 km) in a densely populated urban areas such as the Tehran region.
DATASET AND DATA PROCESSING
In this study, we used continuous data from ten accelerometer stations deployed in the city of Tehran as part of the permanent network of the Tehran Disaster Mitigation and Management Organization (TDMMO). These stations are equipped with a CMG-5T broadband sensor (0.01 100 s) as shown in Figure 1 , bottom panel. The noise data period considered in this study spans 18 months, starting from 2009 October to 2011 April.
To prepare the data, we applied a standard common lowfrequency method, as described by Bensen et al. (2007) . This method includes segmenting the continuous raw data into 10 min time windows (Seats et al., 2012) , followed by removing the mean and trend and running a nonlinear one-bit operator and spectral whitening to suppress the influence of earthquake signals, instrument irregularities, and human activities (Bensen et al., 2007) . Additionally, each window was prefiltered with a 5-point zero-phase band-pass Butterworth filter in period bands of 0.3 1.0 and 1.0 3.0 s (e.g., Pedersen et al. 2007) . The prepared 10 min data were cross correlated between all possible combinations of the station pairs, and then a time derivative was applied to the noise cross-correlated functions (hereafter NCFs; e.g., Sabra et al. 2005) to provide 10 min time-window EGFs.
The travel times of P, S, and fundamental mode Rayleigh waves were then estimated using the TauP seismology computer program (Crotwell et al., 1999) using a 1D velocity model obtained by for the study area. The velocity model was calculated using an iterative nonlinear damped least-square inversion procedure on the Rayleigh-wave group velocity dispersion curves from the EGFs. In this study, retrieving the EGFs consists of following major steps. In the first, the expected signal window travel times of both body and Rayleigh waves were converted to the corresponding velocity values for corresponding interstation distances. Then, the signal windows were defined around corresponding P, S, and Rayleigh waves using a 10 perturbation around the obtained velocity values. Figure 2a shows the amplitude of the 10 min time-window EGFs, in terms of the obtained velocity values, in the signal windows corresponding to body and Rayleigh waves, on average for both lags and for station pair D01 D16. In this figure, the Rayleigh, S, and P waves average velocities are approximately 0.8, 1.2, and 1 9 km=s, respectively, and the corresponding maximum amplitudes have peaks at approximately 0.125, 0.09, and 0.1. Next step includes calculation of the rms values in each signal windows corresponding to each phase. This step is carried out for each phase, for example, body and surface waves, separately. As shown in Figure 2b , histograms of the rms of the velocity values clearly indicate that the dominant signal in the 10 min time-window EGFs is Rayleigh waves, but the body waves can also be recognized in the EGFs with a weaker rms. In other words, the ambient seismic noise sources (e.g., storm and/or swell interference; see Landés et al. 2010 , Obrebski et al. 2013 ) and locally converting surface waves into body waves (see Clouser et al., 1995; Roux et al., 2005) , can also generate body waves. Thus, the coherent parts of the P, S, and Rayleigh waves can also be extracted using an rms-stacking method introduced by Picozzi et al. (2009) and developed by .
This process is followed by calculating the rms curves. Figure 3 shows the rms curves of vertical component of P, S, and Rayleigh waves in the period ranges of 0.3 1.0 and 1.0 3.0 s. In the next step, a threshold value (number of 10 min timewindow EGFs used in stacking procedure) based on the rms curves should be defined. In this study, the threshold value was defined as a function of the change in the gradient of the rms Figure 2 . ,a) Amplitude and ,b) root mean square ,rms) in velocity order for vertical component of station pair D01 D16 10 min timewindow empirical Green's function ,EGF) signals around the expected arrival time of the P ,light gray), S ,gray), and Rayleigh ,dark gray) waves at the period band of 1.0 3.0 s. The average velocity values corresponding with the expected arrival times of the Rayleigh, S, and P waves are approximately 0.8, 1.2, and 1 9 km=s, respectively.
curve. Our studies indicate that the threshold value is controlled by various parameters, including interstation distances, frequency content, and signal coherency among all stations. Thus, to extract stable EGFs with signal-to-noise ratios (SNRs) larger than 15, the optimal threshold values of the body and Rayleigh waves among all interstation pairs were fixed to 2500 and 3000, respectively. In the stacking process, after stacking each 10 min time-window EGF, the rms value of the signal (within the signal window) should be increased. Otherwise, the corresponding EGF signal is rejected from the stacking process. This constraint ensures that the measurement results agree with one another and also leads to the enhancement of the SNR of the obtained EGFs. This condition leads to the enhancement of the SNR of the obtained signals. The SNR is also defined as the ratio of the maximum peak envelope of the signal window and the rms of the noise window (Bensen et al., 2007) . This process is done for each phase separately. For instance, the vertical vertical (Z Z) and vertical radial (Z R) components of station pair D01 D16 extracted EGFs of P, S, and Rayleigh waves are shown in Figures 4a and 4b , respectively in the period band of 1.0 3.0 s. In the rms-stacking method, the nonconsecutive noise time windows are used to enhance the SNR of an arrival signal. Our studies also indicated that by increasing the threshold values (nearly 7500 windows) at the cost of high computation time, the SNR enhancement of the signal was only approximately 10A. As shown in Figure 4c , top trace, the vertical component of extracted P, S, and Rayleigh signals were stacked to provide the total station pair D01 D16 EGFs.
The rms-stacking method depends on a particular phase (i.e., body or surface waves) in contrast to other stacking algorithms (e.g., classical linear stacking method) in which the stacking method does not depend on a particular phase. The corresponding vertical component of EGFs resulted from linear (classical) stacking method at the period band of 1.0 3.0 s is also shown in Figure 4c , middle trace. SNR ratio of linear stack is defined based on the ratio of the peak within the signal window envelope and the rms noise value in the noise window (Bensen et al., 2007; Pedersen et al., 2007) .
We used a local seismicity catalog to obtain origin time of 620 local earthquakes, M 2 0, that occurred in the central Alborz Mountain belt between 2009 October and 2011 April. We also used hypocenter information of 122 earthquakes, M 6 5, occurred around the world in the same time period. The corresponding 10 min time-window EGFs at station pair D01 D16 was then separated based on the arrival time of body and surface waves associated with each event. This results in 742 time windows, which were stacked to produce interstation EGF. The bottom trace in Figure 4c shows the extracted vertical component of EGF for station pair D01 D16 in the period band of 1.0 3.0 s. Our results show that although body waves can emerge using coda-waves correlation (Figure 4c , bottom trace), but their corresponding amplitudes are significantly lower than the body waves extracted using noise correlation ( Fig. 4c top trace) .
The polarization of extracted EGFs can be evaluated using dependent term of EGFs that is, Z Z and Z R. These components represent the motion observed in vertical and radial component for a vertical point force as source. Figure 4d shows the polarization plots of P (left panel), S (middle panel), and Rayleigh (right panel) wave EGFs for station pair D01 D16 in the period band of 1.0 3.0 s. Linear particle motions are clearly shown the EGF of P and S waves, whereas the elliptical particle motion is a further evidence of a Rayleigh wave. The Z R component of the Rayleigh wave (see bottom trace of Fig. 4b ) has 90°phase shift from the Z Z component of the Rayleigh wave (see bottom trace of Fig. 4a ), which is in agreement with the previous studies, that is, Campillo and Paul (2003) . Figure 5 shows the vertical component of extracted EGFs of direct P and S waves propagated in the study area in the period bands of 0.3 1.0 and 1.0 3.0 s. Moreover, the bent dashed lines indicate the expected apparent P and S velocities calculated using ray tracing. Additionally, the linear dashed trends denote the apparent velocity of Rayleigh waves, which is on the order of 0 85 km=s.
AZIMUTHAL DISTRIBUTION OF EGFS
The EGFs can be extracted by coda waves (e.g., Campillo and Paul, 2003) , ambient seismic noise (e.g., Shapiro et al., 2005) , and C 3 methods (e.g., Stehly et al., 2008) . Moreover, the theoretical basis of retrieving EGFs using the ambient seismic noise method has been introduced for the azimuthal homogeneous distribution of random sources (see, Snieder, 2004) . The asymmetric behavior of EGFs can be illustrated by the azimuthal variation in strength, frequency content, and spatial distribution of the random source (Stehly et al., 2006) . The geometry of the seismic network used in this study is shown in Figure 6a , which shows the number of paths falling into each 20°azimuth bin for both interstation causal (azimuth) and acausal (back azimuth) lags.
A primary assessment of SNR versus azimuth (rose diagram) indicated that the rose diagram was dominated by the distribution of ray paths (geometry of the array) when the ray paths are distributed nonuniformly with azimuth. In other words, the large number of ray paths at a given azimuth or back-azimuth bin was interpreted as the dominant ray-path direction on the rose diagram. Following Bensen et al. (2008) , to prevent the effects of ray coverage geometry, we calculated the fraction value for each given azimuth bin. The fraction values were calculated by dividing the number of EGFs with SNR > 15 in a given 20°azimuth bin by the total number of EGFs in that bin given in Figure 6a . The average fractions of P, S, and Rayleigh waves with SNR > 15 are approximately 0.75, 0.81, and 0.80, respectively, in the period band of 1.0 3.0 s. Figure 6 presents the normalized azimuthal distribution of fractions (for SNR > 15) in the study area. Thus, most of the signal energy (approximately 80A) was distributed along all azimuths in the Tehran region. However, strong S-and Rayleigh-wave signals are the most isotropic within the primary period band (see Figs. 6c,d) . In other words, the stronger azimuthal imbalance of P waves is most pronounced along the north-northwestern direction (see Fig. 6b ), whereas most of the S-and Rayleighwave energy generally comes from all directions (see Figs. 6c,d ). In general, the rose diagrams shown in Figure 6 indicate that a useful level (at least 65A) of coherent P-, S-, and Rayleigh-wave signals exists in recorded ambient seismic noise.
DISCUSSION AND CONCLUSIONS
In classic microseismic studies, ambient seismic noise consists mainly of Rayleigh and Love wave fundamental modes. However, ambient seismic noise also contains a significant amount of higher mode surface waves in addition to body waves at shorter periods. In this study, we retrieved the EGFs of both body and surface waves using the rms-stacking method in the Tehran region at the period bands of 0.3 1.0 and 1.0 3.0 s.
Some studies (e.g., Forghani et al., 2010; showed that the body-wave amplitudes of the EGFs are underestimated compared to the surface waves when random sources excite the random seismic wavefield. These studies further illustrate that the inhomogeneity of the random source distribution leads to an incomplete reconstruction of the bodywave EGFs (e.g., Forghani et al., 2010; . EGFs corresponding to core phases (e.g., PcP, ScS, PKiKP) can also emerge using noise correlation (e.g., Poli et al., 2012; Boué et al., 2014) . To extract stable body-wave EGFs within interstation distance less than 30 km, we systematically focused on Figure 4 . ,a) and ,b) show vertical vertical ,Z Z ) and vertical radial ,Z R) components of P ,light gray), S ,gray), and Rayleigh ,dark gray) waves for station pair D01 D16 individual EGFs retrieved using the rms-stacking method in the period band of 1.0 3.0 s. ,c) Top trace shows the total EGF for station pair D01 D16 using the rms-stacking method. The middle trace shows EGF for station pair D01 D16 retrieved using the linear ,classical) stacking method ,see Bensen et al , 2007) . The bottom trace shows the EGF of station pair D01 D16 using data from earthquakes. ,d) Polarization of the obtained P ,left panel), S ,middle panel), and Rayleigh ,right panel) wave EGFs from the particle motion plots of the Z Z versus Z R components in the signal window at the period band of 1.0 3.0 s.
the expected arrival times of body waves and their rms values in this study. Other parameters, such as the length of the time window used for cross correlation to obtain the NCFs and the EGFs' rejection thresholds used for rms stacking, are important to quantitatively assess the quality of the EGFs compared to other techniques, such as running a one-bit operator or the whitening normalization of the data. Consequently, body-wave signals were extracted from ambient seismic noise in a period range of 0.3 3 s using the rms-stacking method.
Comparing the EGF signals extracted using the rms-stacking method and linear (classical) stacking method show that the SNR of surface-wave EGF (approximately 6.6) resulted using linear stacking is significantly lower than the SNR of surface-wave EGF (approximately 16.3) extracted using the rmsstacking method (see Fig. 4c ). Also none of the body waves (both of P and S wave) are clearly emerged in EGF extracted using the linear (classical) stacking method. In other words, the SNR of body-wave EGFs that are obtained from the rms-stacking method are significantly larger. In this study, the quality and stability of the EGFs are improved significantly due to increasing the number of windows using shortening windows (Seats et al., 2012) , and using the rms value of the signal window in the stack- Figure 5 . Vertical component of EGFs obtained from the acceleration data of the TDMMO network in the period bands of ,a) 0.3 1.0 and ,b) 1.0 3.0 s, with a signal-to-noise ratio ,SNR) greater than 15. The P, S, and fundamental mode Rayleigh waves are delineated in the positive and negative lags by P, S, and Rayleigh, respectively. The fundamental mode Rayleigh wave is defined by the linear dashed trend, which is proportional to the velocity value of 85 km=s. The bent dashed lines indicate the expected P and S velocity values calculated by ray tracing.
ing procedure (Picozzi et al., 2009; . Comparing the EGFs retrieved using noise correlation with rms-stacking method and coda correlation, shown in Figure 4c , bottom trace, suggests that the quality of EGFs of body waves generated by constructive interference of the diffuse wavefield is higher. The P-and S-wave components of the EGFs were retrieved using approximately 14 days of nonconsecutive noise time windows over 20 months (equivalent to 2.5A of the total time). There is a significant point in the extracted EGFs shown in Figure 5 . The 1D velocity model used in the ray tracing was developed by for the study area. Our study indicated that applying the rms-stacking method will most likely provide more robust, stable, and quick EGFs in the period bands of 0.3 1.0 (see Fig. 5a ) and 1.0 3.0 s (see Fig. 5b ) than using other EGF extraction techniques, that is, daylong time windows and linear (classical) stacking method.
In the case of the azimuthal distribution of ambient seismic noise, the normalized SNR of EGFs versus azimuth (rose diagrams) reveals that the fractions of P-, S-, and Rayleigh-wave paths with SNR > 15 are above 75A, 85A, and 80A, respectively, and never decrease to 65A, 78A, and 75A in the period band of 1.0 3.0 s in the study area. Additionally, an inspection of Figure 6 reveals that the normalized fraction of relatively high SNR paths at a given azimuth presents the homogeneous distribution of the body-and Rayleigh-wave energy.
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